Chai et al. BMC Veterinary Research 2014, 10:75 
http://www.biomedcentral.eom/1 746-61 48/1 0/75 



Veterinary Research 



RESEARCH ARTICLE Open Access 



High-dose dietary zinc oxide mitigates infection 
with transmissible gastroenteritis virus in piglets 

Weidong Chai 1 , Silke S Zakrzewski 2 , Dorothee Gunzel 2 , Robert Pieper 3 , Zhenya Wang 1 , Sven Twardziok 4 , 
Pawel Janczyk 5 , Nikolaus Osterrieder 1 and Michael Burwinkel 1 * 



Abstract 

Background: Zinc (Zn) supplementation has been shown to reduce the incidence of diarrhea and to protect 
animals from intestinal diseases, but the mechanisms of this protective effect against virus infection in vivo have 
not yet been elucidated. Transmissible gastroenteritis virus (TGEV) causes diarrhea in piglets with an age-dependent 
decrease of severity. 

Results: We used 60 weaned piglets that were divided into three groups to evaluate the effect of different Zn 
levels added to a conventional diet (50 mg Zn/kg diet, Zn low , control group). The other groups received the diet 
supplemented with ZnO at final concentrations of 150 mg Zn/kg diet (Zn med ), or 2,500 mg/kg diet (Zn high ). Oral 
challenge infection with TGEV was performed when the pigs had been fed for 1 week with the respective diet. 
Half of the piglets of each group were sacrificed at day 1 and 18 after challenge infection. Fecal consistency was 
improved and body weights increased in the Zn high group when compared to the other groups, but no direct 
effect of Zn concentrations in the diet on fecal TGEV shedding and mucosal immune responses was detectable. 
However, in the Zn high group, we found a prevention of villus atrophy and decreased caspase-3-mediated apoptosis 
of jejunal epithelium. Furthermore, pigs receiving high Zn diet showed a down-regulation of interferon {IFN)-a, 
oligoadenylate synthetase {OAS), Zn transporter SLC39A4 (Z/P4), but up-regulation of metallothionein-1 (MT1), as 
well as the Zn transporters SLC30A1 {ZnTl) and SLC30A5 {ZnT5). In addition, forskolin-induced chloride secretion 
and epithelial resistance were controlled at a physiological level in the Zn high but not the other groups. Finally, in 
the Zn high group, we documented an earlier and higher systemic TGEV-specific serum antibody response. 

Conclusions: These results suggest that high dietary Zn could provide enhanced protection in the intestinal tract 
and stimulate the systemic humoral immune response against TGEV infection. 

Keywords: Zinc oxide, Coronavirus, Transmissible gastroenteritis virus, Cytokine, Morphometry, Electrophysiology, 
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Background 

Several in vitro studies have shown that zinc (Zn) has 
broad-spectrum antiviral activity against a variety of vi- 
ruses, such as human immunodeficiency virus, transmis- 
sible gastroenteritis virus (TGEV), equine arteritis virus, 
and severe acute respiratory syndrome coronavirus [1-6]. 
Many potential mechanisms have been suggested to ex- 
plain the potential beneficial effect of Zn against virus 
infections. For example, Zn mediates antiviral effects 
through the inhibition of nidovirus RNA-dependent 
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RNA polymerases or other proteins essential for the dif- 
ferent phases of the viral life cycle [5,6]. In addition, Zn 
participates in initiating and maintaining robust immune 
responses, in particular cytokine production and modu- 
lation of the activity of immune cells [7]. Zn induces the 
production of innate interferon (IFN)-a and also im- 
mune IFN-y, and can potentiate the antiviral action of 
IFN-a, but not of IFN-y [8]. Clearance of viral infections 
requires cytotoxic T lymphocytes, which are also highly 
dependent on the presence of Zn [7]. Antibody produc- 
tion during both the first and an immunological memory 
response is disturbed by Zn deficiency [9,10], indicating 
that Zn is necessary for optimal results following 
vaccination. 



© 2014 Chai et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.Org/licenses/by/2.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain 
Dedication waiver (http://creativecommons.Org/publicdomain/zero/1.0/) applies to the data made available in this article, 
unless otherwise stated. 



Chai et al. BMC Veterinary Research 2014, 10:75 
http://www.biomedcentral.eom/1 746-61 48/1 0/75 



Page 2 of 10 



In swine nutrition, especially in the North American 
swine industry, high levels of Zn oxide (ZnO, 2,000- 
3,000 ppm) are often added to the diet of weaned pigs, 
since such addition was shown to reduce non-specific 
post-weaning diarrhea and improve performance in this 
critical period of dietary change [11-13]. Diarrhea is 
caused by impaired intestinal epithelial barrier function, 
which most likely leads to malnutrition and decreased 
uptake of micronutrients, including Zn. It was shown 
that oral Zn supplementation with high doses was able 
to counteract this loss, improve intestinal mucosal integ- 
rity as well as absorption of water and electrolytes 
[12,14]. Furthermore, it leads to a faster regeneration of 
the gut epithelium [15]. However, because of environ- 
mental concerns, the maximum level of Zn allowed in 
pig diets was set up to 150 ppm in the European Union, 
irrespective of the Zn formulation [16]. 

Zn homeostasis is maintained in the body through a 
variety of transporters and Zn binding proteins [17]. 
High levels of dietary Zn provided as ZnO have been re- 
cently shown to outbalance Zn homeostasis with in- 
creased accumulation of Zn in various organs including 
the small intestine of piglets [18,19]. Since intestinal Zn 
uptake can also take place through passive diffusion, it is 
likely that very high dietary Zn levels would indirectly 
increase the intestinal barrier function as a protection 
mechanism of the epithelium. In addition, metallothio- 
nein that is induced by Zn accumulation in intestinal tis- 
sue may also protect the tissue from oxidative damage. 

Due to suboptimal immune functions, newborn as well 
as weaned piglets are particularly susceptible to infection 
by various pathogens, among them TGEV, which causes 
severe to mild gastroenteritis in piglets, depending on 
the age [20,21]. Our previous study [5] showed that high 
Zn levels markedly reduced TGEV titers as well as viral 
RNA and protein synthesis in vitro, but there is no re- 
port about antiviral effects of Zn supplementation in 



pigs. The aim of this study was to close the knowledge 
gap and evaluate the antiviral potential and possible pro- 
tection mechanisms of increased dietary Zn supplemen- 
tation against TGEV infection in weaned piglets. 

Results 

High-dose Zn prevents diarrhea in piglets but does not 
affect other trace elements and virus shedding 

TGEV infection caused only mild symptoms and there 
was no difference in dehydration, anorexia, lethargy and 
body temperature when the different Zn treatment 
groups were compared. However, the body weight in 
Zn hlgh was higher at 7, 14 and 18 dpi in comparison to 
both other groups (Figure 1A). Furthermore, the fecal 
score from 2 to 7 dpi was also higher in Zn hlgh com- 
pared to the Zn low control group (Figure IB). 

Serum and liver Zn concentrations were higher in the 
Zn high group as compared to the Zn med and Zn low 
groups, but other trace elements were not affected. In 
addition, there was an increased Zn, manganese and iron 
concentration, but decreased copper concentration, in 
both liver and serum from 1 to 18 dpi (Additional file 1: 
Table SI). 

Low amounts of shedding TGEV could be detected by 
qPCR from 1 to 6 dpi, irrespective of Zn feeding group. 
The highest incidence was observed at 4 dpi with 4 out 
of 10 positive TGEV shedding piglets in each group. 

Systemic and mucosal immune responses 

Figure 2 shows the systemic and mucosal immune re- 
sponses of piglets as measured by ELISA. At the time of 
challenge, all piglets fed with different concentrations of 
Zn were negative for TGEV-specific serum IgG anti- 
bodies. The serum antibody response after infection oc- 
curred earlier in Zn hlgh piglets and was measurable 
already at 7 dpi, when all piglets from this group tended 
to develop higher (P = 0.06) TGEV-specific serum 




21 28 35 42 46 day of life 1 2 3 4 5 6 7 8 dpi 

□ Zn low □ Zn med B Zn high □ Zn low □ Zn med H Zn high 

Figure 1 Body weight and fecal score of TGEV-infected piglets. Piglets fed with Zn low , Zn med and Zn high were orally infected with TGEV. 
(A) Body weight was recorded at given time points and (B) fecal scores (from 1 to 5, where 1 means watery and 5 hard and dry stool) were 
recorded daily after infection. Boxes indicate medians (n = 10) (horizontal lines) and the lower and upper quartiles (bottoms and tops of the 
boxes). The vertical bars in the box plots indicate the minimal and maximal values recorded. Asterisk indicates statistically significant difference 
(p < 0.05) between the groups. 
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Figure 2 Development of systemic and mucosal immune responses after TGEV infection. (A) TGEV-specific antibodies measured by 
competitive ELISA are shown as optical densities (OD), measured at 450 nm, from 0 to 18 dpi. An OD 450 value higher than 0.9 was considered 
negative (upper dashed line), an OD 450 value lower than 0.77 was considered positive (lower dashed line), and an OD 450 value between 0.9 and 
0.77 was considered questionable. (B) The concentration of slgA in intestinal wash fluid was measured by a direct ELISA. Results are shown as the 
mean value ± standard deviation. Asterisk indicates statistically significant difference (P<0.05) between the groups. 



antibody titers than piglets in the Zn low group. At 11 
dpi, seroconversion was clearly detectable in almost all 
animals. Greater antibody levels were detected in Zn med 
(P = 0.009) and Zn high (P = 0.03) groups compared to the 
Zn low group at 14 dpi (Figure 2A). 

The levels of slgA antibodies in intestinal wash fluids 
were increased 6 to 7-fold from 1 to 18 dpi, showing 
that mucosal adaptive humoral immune response had 
also been induced after infection, but the differences 
between the dietary groups were only marginal 
(Figure 2B). 

Gene expression profiles 

To further elucidate the potential effect of Zn supple- 
mentation on the immune response and on Zn trans- 
port, we examined the expression of genes for cytokines 
and metal binding/transport proteins in intestinal tissues 
in the three Zn treatment groups. There was a statisti- 
cally significant increase of IFN-a expression in the 



Zn low group compared to Zn mgh group (P = 0.009). 2', 
5'-oligoadenylate synthetase (OAS) is one of IFN- 
stimulated gene products (ISGs), and there was a de- 
creased expression of this enzyme in the Zn low group 
(P = 0.01) (Figure 3). Expression of ZIP4 was higher and 
ZnTl, ZnTS and MT1 were lower in Zn hlgh group com- 
pared with two other groups (Table 1). Expression of 
IL-6, TNF-a and ZnT2 did not differ between treatments. 

Histology and immunohistochemistry 

To further investigate the effect of Zn supplementation 
on TGEV infection in piglets, histological changes in in- 
testinal tissues of piglets were examined. Piglets from 
the Zn low group showed a destruction of the architecture 
of intestinal tissue with villous atrophy, which resulted 
in a significant reduction of the intestinal surface area by 
a factor of 1.38 (n = 6, P = 0.009) compared to the 
Zn med group where no villus atrophy was observed 



(n = 6) (Figure 4A and B). No further changes in villus 
morphology in the Zn hlgh group (n = 6) could be de- 
tected (Figure 4A and B). In piglets from the Zn low 
group, the majority of jejunal enterocytes was caspase-3- 
positive while being morphologically altered, whereas in 
Zn med jejunal tissue the number of caspase-3-positive 
cells were drastically reduced and there was a further re- 
duction of apoptotic cells in Zn hlgh animals (Figure 5A 
and B). The epithelial architecture of Zn med and Zn high 
jejunum was apparently not impaired. The crypt epithe- 
lium was not affected by TGEV infection at any Zn 
concentration. 




IFN- 



OAS 



IL-6 TNF-a 
□ Zn low □ Zn high 
Figure 3 Cytokine expression in intestinal tissues of Zn-treated 
piglets at 1 dpi. The expression of selected cytokines was assessed 
by quantitative RT-PCR. The expression of IFN-a and OAS was 
significantly increased in the Zn low compared to the Zn high group. 
Boxes indicate medians (n = 10) (horizontal lines) and the lower and 
upper quartiles (bottoms and tops of boxes). The vertical bars in the 
box plots indicate the minimal and maximal values recorded. Asterisk 
indicates statistically significant differences {P < 0.05) between Zn 
treatment groups. 
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Table 1 Mean relative gene expression of zinc transporters and metallothionein in jejunal tissue of piglets at 1 and 18 
dpi 1 



Gene 


1 dpi 








18 dpi 






Significance 






Zn low 




Zn med 


Zn high 


Zn low 


Zn med 


Zn high 


Diet Time 


Diet x Time 


ZIP4 


1,22 ± 


0,16 


1,46 ±0,16 


0,44 ± 0,08 


3,91 ±0,44 


1,68 ±0,295 


0,39 ±0,1 8 






ZnTl 


0,94 ± 


0,11 


0,81 ±0,08 


1,47 ±0,35 


0,63 ± 0,06 


0,77 ± 0,075 


1,38 ±0,23 


** ns 


ns 


ZnT2 


1,39 ± 


0,44 


0,50 ±0,14 


1,82 ±0,54 


1,10 ±0,58 


1,09 ±0,634 


0,85 ± 0,40 


ns ns 


ns 


ZnT5 


0,68 ± 


0,06 


0,61 ±0,10 


0,86 ±0,1 3 


0,72 ±0,10 


0,50 ± 0,07 


1,04 ±0,14 


-x-x- ns 


ns 


MT1 


0,12 ± 


0,02 


0,1 2 ±0,01 


2,59 ±4,23 


0,10 ±0,01 


0,1 5 ±0,031 


11,71 ±4,28 


*** ns 


ns 



Data are means ± SEs, n = 10/group. Significances are depicted as: ** P < 0.01; ***, P < 0.001. 

Abbreviations: MT1 metallothionein-1, ZIP4 Zn transporter SLC39A4, ZnTl Zn transporter SLC30A1, ZnT2 Zn transporter SLC30A2, ZnT5 Zn transporter SLC30A5. 



Intestinal epithelial resistance, paracellular permeability, 
and active transport 

Taking into account the changes in the surface area 
( corr ), R ep1 ' corr , as a measure of epithelial integrity, was 
lower in tissues from the Zn low group (20.8 ± 2.2 H^cm 2 , 
n = 8), compared to Zn med (29.8 ± 2.8 O^cm 2 , n = 10; 
Zn low vs. Zn med , P = 0.08) and Zn high (31.4 ± 2.7 H*cm 2 , 
n=10; Zn low vs. Zn high , P=0.01) (Figure 6A). Surpris- 
ingly, permeability to the paracellular marker fluorescein 
did not significantly differ in TGEV-challenged jejunal 
epithelia in any of the animals (Figure 6B). As an ex vivo 
measure for in vivo diarrhea susceptibility, forskolin 
(FSK) -induced chloride secretion was quantified as in- 
crease in short-circuit current, AI sc FSK ' corr . It was found 
to be increased in jejunal tissue from TGEV-infected 
Zn low piglets (AI SC FSK ' corr , 110 ±11 uA/cm 2 , n = 8) 
compared to Zn med (54 ±5 uA/cm 2 , Zn low vs. Zn med , 
P = 0.0002, n = 9) and Zn high (50 ± 7 uA/cm 2 , Zn low vs. 
Zn high , P< 0.0001, n = 10) (Figure 7A), whereas 
AI S c FSK ' c ° rr of Zn med and Zn high did not significantly differ. 



In contrast, average glucose-induced short-circuit cur- 
rents (AI sc Glc ' corr ) were not different in jejunal tis- 
sues from piglets fed the tested Zn concentrations, 
however, against expectations, the range of AI sc Glc ' corr 
values was greatly increased in Zn low compared to the 
other two conditions (Figure 7B). 

Discussion 

High doses of ZnO (2,000 - 3,000 mg ZnO/kg diet) 
added to the diets of newly-weaned piglets were shown 
to improve performance and to reduce the occurrence 
of unspecific diarrhea [13]. TGEV infection causes villus 
atrophy with severe and frequently fatal diarrhea in new- 
born pigs, while the clinical signs in older piglets or in 
adult pigs are milder or inapparent because of a higher 
replacement rate of enterocytes compared to newborn 
piglet [22-24]. However, asymptomatic older piglets may 
serve as carriers, and the high mutation rates of corona- 
virus genomes may lead to the generation of more viru- 
lent genotypes. For this study we infected weaned piglets 
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Figure 4 Morphometrical analysis of jejunal tissue at 1 dpi. (A) Jejunal tissue from piglets fed with Zn low , Zn med , and Zn high diets, 
respectively, were sliced and H&E stained. The bottom and upper dashed lines indicate the basal and apical borders of the epithelium. The 
middle dashed line represents the transition zone from where crypts go down and villi go up. TGEV infection in Zn low piglets resulted in villus 
atrophy, which could be prevented by Zn med and Zn high diets. Scale bar = 200 urn. (B) H&E-stained jejunal specimens were morphometrically 
analyzed by measuring the lengths of apical epithelial and the mucosa's muscular linings. The ratio of mucosal-to-serosal surface area represents 
a measurement for the effective epithelial area, which was significantly decreased under Zn low (P< 0.01, n =6) compared to Zn med and Zn high 
(n = 6 each). The latter conditions were not significantly different. 
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Figure 5 Immunofluorescence staining of caspase-3 in jejunal epithelium at 1 dpi. Apoptotic cells are presented by cells being positive for 
cleaved caspase-3 (as depicted in green). Nuclei (DAPI staining) are presented in blue. (A) When the jejunal epithelium was affected by TGEV 
infection, only the villus lining was apoptotic, while the crypt epithelium stayed intact. Scale bar= 100 urn. (B) Under Zn low diet, most of jejunal 
enterocytes were cleaved caspase-3-positive and their shape was distorted, whereas under Zn med treatment, the amount of cleaved caspase-3 
signals was reduced and the cell shape was not affected. Under Zn high , apoptotic cells were extremely rare and cell morphology was not impaired. 
Scale bar = 20 urn. 



with a cell-culture adapted TGEV strain, for which direct 
antiviral effects of Zn were proven in vitro [5], and 
tested if direct antiviral and/or systemic effects of differ- 
ent Zn levels could be observed in vivo. Critical factors 
for the reduction in the mortality and morbidity of pig- 
lets from TGE include a reduction in the infectious 
agent, and oral rehydration therapy for the treatment of 
dehydration and metabolic acidosis associated with acute 
diarrhea [12]. 



In this study, TGEV infection caused only mild clinical 
symptoms, which can be explained by the piglets' age 
and by the use of a tissue-culture adapted virus strain, 
which was chosen on purpose in order to directly com- 
pare results from this study with previous in vitro results 
[25]. Furthermore, in our study the piglets were provided 
with a relatively comfortable environment to minimize 
stress other than that induced by infection. It should be 
stressed that our experimental conditions vary 




Zn' ow 2n mec * Zn' 1 '^' 1 Zn' ow Zn" 160 ' Zn* 1 '^* 1 



Figure 6 Epithelial resistance and paracellular permeability at 1 dpi. All values were corrected for the epithelial surface area ( corr ). (A) 
Epithelia from the Zn low group exhibited significantly decreased R ep1, corr values (P = 0.01, n = 8) compared to the Zn high group (n = 10) and a 
trend to values lower than those of the Zn med group (P = 0.08, n = 10). (B) Fluorescein permeability (P FLU corr ) did not significantly differ 
between Zn groups. 
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Figure 7 Active transport of jejunal epithelium at 1 dpi. 

All values were corrected for the epithelial surface area ( corr ). 

(A) Stimulation by forskolin (FSK) resulted in a significantly increased 
chloride secretory response (AI SC FSK ' corr ) in the Zn low group {P < 0.001 , 

n = 8) when compared to the Zn med (n = 9) and Zn high groups (n = 1 0). 

(B) Glucose-induced short-circuit currents (Al sc Glc ' corr ) of Zn low (n = 7), 
Zn med ( n = 8 ^ and Zn high ^ n = ^ were nQt sj g n jfj cant |y different. Note the 

big spread of individual values in the Zn low group. 



substantially from those in commercial farming condi- 
tions. This could also contribute to the absence of severe 
clinical signs after infection. However, this study demon- 
strated that feeding the Zn hlgh diet improved the fecal 
score and led to higher body weights after infection in 
comparison to the Zn med and Zn low groups. Several 
studies demonstrated that feeding high levels of Zn re- 
duces the incidence and severity of diarrhea and im- 
proved fecal consistency [26,27]. Our results are 
consistent with these findings showing that the Zn hlgh 
group had higher fecal scores compared to the Zn med 
and Zn low groups after infection. There was also a direct 
correlation between Zn levels and histological changes. 
TGEV infection in the Zn low group led to destruction of 
the enterocytes of jejunal villi as reflected by marked vil- 
lus atrophy. It has been reported that Zn plays a funda- 
mental role in maintaining epithelial barrier integrity 
and function. For example, supplementation of Zn reduced 
methotrexate-induced intestinal damage and resulted in 
faster recovery [28], while it reduced intestinal permeability 
in Bangladeshi children with acute diarrhea and persistent 
diarrhea syndrome [29]. Furthermore, feeding supplemen- 
tal Zn to rats with experimental colitis improved mucosal 
repair by regulating tight junction permeability [30]. In 
agreement with these data, higher R ep1 ' corr values in the 
Zn med and Zn 1 ^ 811 group indicate that Zn may prevent epi- 
thelial barrier loss induced by TGEV. The dramatic in- 
crease in AI SC FSK ' corr observed in the Zn low group despite 
the reduced surface area may be interpreted as a protective 
mechanism. Chloride secretion is the basis of secretory 
diarrhea and might be regarded as a mechanism to rapidly 
extrude pathogens. The increase in AI sc Glc ' corr observed in 
some of the animals from the Zn low group may be a 
compensatory effect and is in agreement with the 



observation that, even in the Zn low group, animals gained 
weight at a normal rate. This considerably larger variance 
in the Zn low group indicates that some animals were able 
to compensate reduced glucose uptake due to the loss of 
villi by increasing glucose transport capacity. 

Zn is also important for the production of antibodies 
against intestinal pathogens [31]. In agreement with such 
finding, TGEV-specific serum antibody titers were de- 
tected earlier and at higher levels in Zn hlgh when com- 
pared to Zn low piglets. This finding may be the result of 
multiple effects of Zn on antigen-presenting cells, T-cells 
and antibody-producing B-lymphocytes. IgA is the pri- 
mary immunoglobulin isotype induced at the mucosal 
surface. Secretory IgA (slgA) in mucosal secretions pro- 
vides protection against bacterial and viral pathogens and 
neutralizes microbial toxins [32]. Zn can influence slgA 
levels by altering the cytokine profile of stimulated im- 
mune cells residing in the gut-associated lymphatic tissue 
(GALT) [33]. Furthermore, slgA responses are mediated 
through activated Th2 cells producing, among other, 
abundant amount of IL-6 [34] . In this study, there was an 
increased slgA levels from 1 to 18 dpi, indicating that 
adaptive mucosal immune responses were induced by 
TGEV infection but not influenced by the diet. This find- 
ing is in accordance with results from Broom and col- 
leagues [33], who also showed only slight differences of 
intestinal IgA concentrations between animals either re- 
ceiving low or high levels of dietary ZnO. In accordance 
with these findings, the expression of IL-6 in the intes- 
tinal tissues also showed no difference between the diet- 
ary groups at 1 dpi. Therefore, it is questionable if Zn 
plays a role in enhancing intestinal IgA concentration. 

TGEV infection in piglets is characterized by a robust 
and early IFN-a production in intestinal secretions and in 
other organs [35,36]. At 1 dpi, higher IFN-a gene expres- 
sion levels in the Zn low group may be consistent with a 
more severe TGEV infection or higher virus loads in this 
group compared to the Zn hlgh group. The activation of 
OAS, one of the IFN-stimulated gene products (ISGs), can 
lead to apoptosis [37], potentially by indirectly triggering 
cleavage of caspase-3 [38] . The increased OAS level in the 
Zn low group may reflect TGEV-induced apoptosis in intes- 
tinal epithelial, as it was shown, that the amount of 
caspase-3-positive cells was markedly increased in the 
Zn low compared with the Zn med and Zn high group. This 
finding is in agreement with the histological observations: 
the high-grade villus atrophy in the Zn low and normal 
jejunal mucosal morphology in the Zn hlgh group. 

Metallothionein is known to be induced by exposure 
to heavy metal cations [39], and in line with a former 
study [18], the expression level of MT1 was higher with 
concomitant high levels of Zn in piglets (Additional file 2: 
Table S2). As reported previously, this indicates an out- 
balanced Zn homeostasis although the expression of Zn 
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transporters in the jejunum was regulated to reduce Zn 
uptake (ZIP4) from the gut lumen and increase the export 
of Zn from epithelial cells (ZnTl, ZnTS) in the Zn hlgh 
group. However, an increased level of Zn in intestinal tis- 
sue and the induction of metallothionein may explain our 
observations of improved intestinal mucosal integrity and 
histological changes, which are in line with other studies 
[12,14]. Thus, changes in absorption of water and electro- 
lytes may counteract TGEV infection, which causes im- 
paired intestinal epithelial barrier function and decreased 
uptake of micronutrients. 

The paracellular epithelial barrier is highly regulated 
both under normal conditions and in disease. During in- 
fection, TNF-a is a mediator between the immune 
system and the intestinal epithelial barrier by altering 
tight junction proteins and their cellular localization. 
More specifically, the cytokine up-regulates the pore- 
forming protein claudin-2 [40] and redistributes the 
tightening protein claudin-1 [41]. This leads to an im- 
paired barrier function which is associated with in- 
creased paracellular permeability. However, our in vitro 
work [25] and the in vivo study presented here did not 
find any up- or down-regulation of TNF-a after TGEV 
infection in any of the experimental groups. The out- 
come is, however, in accordance with the data set of per- 
meability to fluorescein (Pflu c ° rr )> as paracellular 
permeability was not affected. The data could, therefore, 
be interpreted as a result of a different pathological 
mechanism, possibly mediated by IFN-a, rather than by 
TNF-a, as up-regulation of the former in Zn low piglets 
was clearly evident. 

Conclusions 

This study provides data that supplementation of the 
post-weaning diet with high levels of ZnO resulted in 
earlier and higher TGEV-specific antibody response, 
modulation of cytokine expression, and prevention of 
disruption of the intestinal barrier integrity. Our findings 
might also be interesting for infections with other coro- 
naviruses like SARS-CoV, which could cause gastro- 
intestinal symptoms and diarrhea as well. 

Methods 

Virus and cells 

The TGEV strain Purdue 46-MAD (kindly provided by 
Dr. C. Schwegmann-Wessels, Institut fur Virologie, Tier- 
arztliche Hochschule Hannover) was used in this study. 
To prepare TGEV stocks, a stable mycoplasma-free 
swine testicle (ST) cell line supporting the growth of 
TGEV was used. Cells were maintained in Dulbeccos 
modified Eagle s medium (DMEM; PAN-Biotech, Aiden- 
bach, Germany) supplemented with 10% heat- inactivated 
fetal calf serum (Hyclone), and 1% penicillin/strepto- 
mycin (Biochrom, Berlin, Germany) at 37°C with 5% 



C0 2 . Stock virus was propagated in ST cells to a titer of 
1.00E + 07 plaque-forming unit (PFU)/mL. 

Animals and experimental design 

German landrace piglets (n = 60) of both sexes from a 
TGEV-free herd (Leibniz Institut fur Nutztierbiologie, 
Dummerstorf, Germany) were weaned at the age of 
21 days and were randomly assigned to three different 
dietary groups (20 animals each). Diets either contained 
no additional ZnO (Zn low : 50 mg Zn/kg diet), or were 
supplemented with analytical grade ZnO (>98% purity) 
to contain 150 mg Zn/kg diet (Zn med ) or 2,500 mg Zn/ 
kg diet (Zn hlgh ). The Zn low diet represents the regular 
feed of the animals and the Zn low group, therefore, rep- 
resented the control group for this experiment. At 
26 days of age, animals were moved to a containment fa- 
cility (Bundesinstitut fur Risikobewertung, Berlin, 
Germany) where they were randomly allocated to 6 pens 
per group. The piglets were fed the respective diet ad 
libitum in a pelleted form, water was also provided ad 
libitum by nipple drinkers. The pens were of equal size 
(2.8 m 2 ), equipped with a feeding automate with 5 feed- 
ing places and a nipple drinker. The floors were covered 
with rubber mate and a red light lamp was placed above 
to provide additional heat. Room temperature was kept 
at 25 ± 1°C with humidity of 50 - 60% and constant air 
volume exchange. The pens were thoroughly cleaned by 
brushing the floors and walls with consecutive flushing 
with lukewarm water in the mornings. Superficial flush- 
ing of the floors was additionally performed in the late 
afternoon. At day 28 of age, all piglets were challenged 
orally with 2 mL TGEV with a titer of 1.0E+07 PFU/mL. 
In each group, half of the piglets (n = 10 per group) were 
sacrificed 1 day post infection (dpi) in order to examine 
acute infection, since piglets reportedly display strong 
symptoms of gastroenteritis within 20 h post-infection 
[42], and the other half (n = 10 per group) were sacri- 
ficed 18 dpi to see the effect of Zn on adaptive immune 
response. 

Clinical follow-up and sampling 

The study was approved by the local animal welfare au- 
thority (Landesamt fur Gesundheit und Soziales, Berlin, 
Germany) under the registration number G 0116/12. 
Animals were clinically examined on arrival. Blood sam- 
ples were collected at 0, 4, 7, 11, 14 and 18 dpi. Sera 
were used to determine TGEV-specific antibodies. Pig- 
lets were monitored daily for rectal temperature and 
body weight was recorded once weekly. Fecal scores 
(from 1 to 5, where 1 means watery and 5 dry and hard 
stool) were also recorded daily up to 12 dpi. Fecal swabs 
were taken before and then daily after infection for the 
detection of virus shedding. At necropsy (both 1 and 18 
dpi), 10-15 cm long samples from the descending 
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duodenum, jejunum (approximately 100 cm distal to the 
duodenojejunal flexure), ileum (distal 15 cm), spleen 
and jejunal mesenteric lymph nodes were taken to deter- 
mine gene expression profiles. Furthermore, defined 
pieces of the jejunum of the same length were washed 
with 25 mL PBS and intestinal fluid was collected to de- 
tect adaptive immune response (slgA). Additionally, 
15 cm of mid jejunum (1 dpi) were removed, cut open, 
and rinsed with and transported in cooled saline solu- 
tion (0.9% NaCl, 1 mM CaCl 2 ). Jejunal tissue was 
stripped off the muscle layer and explants were mounted 
in Ussing chambers for electrophysiological analysis as 
described in detail below. Part of each intestinal tissue 
sample was additionally fixed in buffered 4% formalin. 

Confirmation of Zn status 

Trace element status of the pigs was determined in 
serum and liver tissue as described previously [18]. 
Briefly, organs were freeze dried, incinerated and hydro- 
lysed in concentrated hydrochloric acid. Serum samples 
were hydrolysed directly. Trace element concentration 
was determined by atomic absorption spectrometry in 
an AAS vario 6 spectrometer (Analytik Jena, Jena, 
Germany). 

Real-time quantitative RT-PCR (qRT-PCR) analysis 

Total RNA was extracted from 20 mg of jejunum sample 
or 200 uL of serum using a Nucleo-Spin® RNA II Kit for 
Tissue (Macherey & Nagel, Duren, Germany) following 
the manufacturers instructions. Reverse transcription 
(RT) was performed using the RevertAidTM First Strand 
cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany) 
according to the manufacturers instructions. PCR reac- 
tions were performed in a total volume of 25 uL in an 
iCycler iQ5 @ detection system (Bio-Rad Laboratories, 
Munchen, Germany). Melt curve analysis and agarose 
gel electrophoresis were performed after completion of 
each assay to confirm specificity of the amplification. 
For the following target genes: Zn transporters SLC30A1 
(ZnTl), SLC30A2 (ZnT2), SLC30AS (ZnTS), SLC39A4 
(ZIP4), and metallothionein (MT1), quantitative real- 
time RT-PCR was performed using the one-step QRT- 
PCR master mix kit (Brilliants SYBR @ Green, Agilent 
Technologies, Santa Clara, USA) as described previously 
[18]. 

TGEV genome copy numbers were quantified using a 
TaqMan fluorescent quantitative (q) PCR assay as previ- 
ously shown [25]. Expression levels of IFN-a, IL-6, OAS, 
and TNF-a were calculated using the Delta-Delta-Ct- 
Method calculation [43]. Four commonly used reference 
genes (yS-2 microglobulin, RPL13, RPL19 and SDH A) 
were selected for normalization of gene expression. A 
mean expression value (normalization factor) for the 
four reference genes was calculated to enable 



normalization of gene expression data for all the genes 
of interest. Samples from Zn med group were used the 
references for the calculations. For the expression of Zn 
transporters ZnTl, ZnT2, ZnTS, ZIP4 and MT1, stan- 
dard curves were generated using serial dilutions of 
pooled RNA (within a range from 5-200 ng/uL) from 20 
samples to convert Ct values into arbitrary values. These 
values were then normalized using the mean values of 
the house-keeping genes and then used for statistical 
comparisons. The names of genes, primer sequences, 
annealing temperature, and references are listed in 
Additional file 1: Table SI. 

Enzyme-linked immunosorbent assay (ELISA) 

Blood samples were collected on 0, 4, 7, 11, 14 and 18 
dpi, and TGEV-specific IgG antibodies were determined 
using a commercial ELISA (INGEZIM TGEV 2.0, Inge- 
nasa). Intestinal wash fluid was collected on 1 and 18 
dpi and mucosal slgA antibodies in the supernatants 
were also measured using a commercial ELISA (Pig IgA 
ELISA Kit, Bethyl Laboratories, Montgomery, USA) 
following the manufacturers instructions. 

Electrophysiology 

Jejunal specimens were mounted in modified Ussing 
chambers to carry out impedance measurements as de- 
scribed previously [44]. In brief, one-path impedance 
spectroscopy was performed to determine epithelial 
(R epi ) and subepithelial (R sub ) contributions to the trans- 
epithelial resistance (TER). Resistances of bath solution 
without tissue as well as electrode offsets were recorded 
prior to each experiment and subtracted from experi- 
mental data. Preparations were allowed to equilibrate for 
45 min and R epi was measured as previously described 
[45]. 

As pathogen-induced secretory diarrhea is caused by 
excessive chloride secretion with accompanied osmotic- 
ally driven water flux, forskolin (Calbiochem®, Merck, 
Darmstadt, Germany; final concentration 10 uM), a se- 
cretagogue agent, was added basolaterally in supple- 
mented Ringers solution (113.6 mM NaCl, 5.4 mM KC1, 
1.2 mM MgCl 2 , 1.2 mM CaCl 2 , 21 mM NaHC0 3 , 
0.6 mM NaH 2 P0 4 , 2.4 mM Na 2 HP0 4 , 10 mM D(+)-glu- 
cose, 2.5 mM glutamine, 10 mM D(+)-mannose, 0.5 mM 
p-OH-butyrate, 50 mg/1 piperacillin, 4 mg/1 imipenem; 
pH 7.4 when equilibrated with carbogen) in order to 
trigger a chloride secretory response. For testing the 
sodium-coupled and therefore electrogenic glucose ab- 
sorption via SGLT1, glucose (Roth, Karlsruhe, Germany; 
final concentration 10 mM) was added apically in 
glucose-free Ringers solution (113.6 mM NaCl, 5.4 mM 
KC1, 1.2 mM MgCl 2 , 1.2 mM CaCl 2 , 21 mM NaHCO s , 
0.6 mM NaH 2 P0 4 , 2.4 mM Na 2 HP0 4 ; pH 7.4 when 
equilibrated with carbogen). After administration of 
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effectors, changes in short-circuit current (AI SC ) were 
recorded. 

Permeability to fluorescein (332 Da) represents a 
measure for the paracellular leakiness/tightness of the 
epithelial layer and was ascertained in Ussing chamber 
experiments under voltage clamp conditions. After 
equilibrating jejunal specimens in supplemented Ringer s 
solution, fluorescein (Sigma-Aldrich, St. Louis, USA) 
was added apically (final concentration, 50 \iM). At 30 
and 90 min post administration, basolateral samples 
were replaced with Ringers solution. Fluorescein con- 
centrations were determined with a fluorometer at 
525 nm (Infinite M200, Tecan, Crailsheim, Germany) 
and permeabilities were calculated. 

Morphometry 

Formalin-fixed tissue sections were stained with 
hematoxylin and eosin (H&E) using standard staining 
protocols and analyzed using the freehand line selection 
tool of Image J (Rasband, ImageJ, NIH, Bethesda, Mary- 
land; http://rsb.info.nih.gov/ij/). 

The surface area of the jejunal mucosa was assessed as 
the ratio of mucosal-to-serosal surface area from the 
lengths of apical epithelial as well as muscular mucosa 
linings in equivalent fields of view of adjacent sections. 
Crypt/villus height and density were determined from 
five sections per piglet, each -750 \im in width. 

Immunofluorescence staining 

In order to highlight caspase-3-mediated apoptotic 
events in jejunal tissue, formalin-fixed tissue slices were 
rehydrated (xylene, increasing ethanol series), heated at 
95 °C in citrate buffer (10 mM citric acid, pH 6.0) for 15 
min, and then washed in phosphate-buffered saline 
(PBS). Tissue slices were then incubated in blocking so- 
lution (6% goat serum + 1% BSA in PBS) for 30 min at 
room temperature (RT) before incubation with rabbit 
anti-cleaved caspase-3 (Cell Signaling Technology, Cam- 
bridge, UK) at a 1:250 dilution in blocking solution for 
60 min at RT. After several washings, tissue slices were 
incubated with goat anti-rabbit F(ab') 2 conjugated with 
DyLight™488 (Jackson ImmunoResearch, Newmarket, 
UK) at a 1:500 dilution and 4',6-diamidino-2-phenylin- 
dole dihydrochloride (DAPI, 1 (ig/mL; Roche, Mann- 
heim, Germany) for 60 min at RT in the dark. After 
washing, sections were embedded using ProTaqs Mount 
Fluor (Biocyc, Luckenwalde, Germany). 

Images were taken with an inverted Zeiss LSM 510 
META confocal laser-scanning microscope (Carl Zeiss, 
Jena, Germany). Digital images were processed using Fiji 
imaging software [46] and Zeiss LSM 510 META 
software. 



Statistical analyses 

Calculations were performed with SPSS® Version 21 
(IBM, Armonk, USA) and GraphPad Prism 5 (GraphPad 
Software Inc, La Jolla, USA). Two-factorial mixed 
models were applied to calculate residuals for all vari- 
ables (fixed factor: diet, time, diet*time) and a random 
effect (animal). Data from gene expression were used for 
the one-factorial model (fixed factor: diet). F-Test was 
applied for fixed effects and interaction effects with sub- 
sequent LSD post hoc test. Electrophysiology and mor- 
phometric data are expressed as means ± standard error 
of the mean (SEM), and statistical analyses were carried 
out using a one-way ANOVA with Tukey HSD post hoc 
test. Significances are depicted as: *, P < 0.05; **, P < 0.01; 
P < 0.001; tendencies are given as 0.05 < P < 0.1. 

Additional files 



Additional file 1: Table SI. Detailed qRT-PCR primers and conditions 
used in this study. 

Additional file 2: Table S2. Mean concentrations of trace elements 
(mg/kg fresh matterl) in liver and serum at 1 and 18 dpi. 
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